Inbreeding depression and selfing rate were investigated in the self-compatible vine Ipomoea hederacea to assess the variability of the breeding system. Inbreeding depression differed between populations and the magnitude varied at germination, growth (as measured by aboveground biomass), and reproductive potential. Plants from Macon County, Alabama, USA, had significant inbreeding depression (31%) at germination, but no significant inbreeding depression for aboveground biomass or number of reproductive structures (buds and flowers) at 45 d post germination in the greenhouse or in the field. Plants from Morgan County, Alabama, however, had significant inbreeding depression (Ͼ50%) for all three stages in the greenhouse. In allozyme comparisons, five of the 11 I. hederacea populations surveyed had high selfing rates (66.66-92.53%) and high levels of homozygosity (F IS ϭ 0.500-0.861) in 2003, and three of four populations surveyed in 2004 had selfing rates that exceeded 50%. High selfing rates, high levels of homozygosity, and low levels of inbreeding depression suggest that inbreeding depression may not present a significant barrier to the transmission of selfing alleles in some populations of I. hederacea, but does not account for the maintenance of a mixed mating system in other populations.
Mating systems are a central component of the incredible floral diversity of higher plants (Barrett, 2003) . The attraction and use of vectors to perform outcrossing remains the most significant adaptation for plant radiation (Mayr, 1942; Thompson, 1994; Schluter, 2000) . However, most angiosperms bear hermaphroditic flowers that contain both anthers and stigmas and a significant proportion retain the ability to self-pollinate (Stebbins, 1974) . Understanding the evolution and maintenance of plant mating systems has been of major interest to botanists since Darwin (1876 Darwin ( , 1877 ).
There are two major hypotheses for the evolution of selfpollination (Jain, 1976) and both of these hypotheses predict that the selfing allele should become a fixed trait in plant populations . The ''automatic selection'' hypothesis states that if a gene promoting selfing arises in a population of outcrossers, then this gene will have a 50% transmission advantage to the next generation. The ''reproductive assurance'' hypothesis states that the selective advantage for self-pollination lies in the assurance of seed production when pollinators are limited, resulting in stable mixed mating systems with variable selfing rates dependent upon levels of pollen limitation (Baker, 1955; Schoen et al., 1996) .
Inbreeding depression is the loss of fitness as a result of self-or within-family fertilization (Charlesworth and Charlesworth, 1987; Husband and Schemske, 1996) and is considered the primary force that opposes the transmission advantage associated with selfing alleles (Darwin, 1877; Lande and Schemske, 1985; Charlesworth and Charlesworth, 1987; Charlesworth, 2003) . According to theoretical models, inbreeding can be maintained up to a threshold level of 50% (Lloyd, 1979; Charlesworth, 1980; Lande and Schemske, 1985) . When inbreeding depression is above 50%, selfing alleles are lost from the population because the fitness of plants possessing these alleles is lower than the plants possessing alleles for outcrossing (Charlesworth and Charlesworth, 1987; Keller and Waller, 2002, for review) . According to these models, the expected frequency distribution of selfing rates should be bimodal, with one mode corresponding to complete selfing when inbreeding depression is Ͻ50% and complete outcrossing when inbreeding depression is Ͼ50%. Paradoxically, most plant species have an intermediate, mixed mating system in which they outcross most of the time (Lande and Schemske, 1985; Charlesworth and Charlesworth, 1987; Barrett and Eckert, 1990; Vogler and Kalisz, 2001 ). Vogler and Kalisz (2001) suggest that intermediate rates of outcrossing are common and that pollinator unpredictability, and thus the need for reproductive assurance, could influence the evolution of outcrossing rates. However, inbreeding depression is not a fixed state, and the genetic basis may vary across different life stages Schemske, 1995, 1996) . In a review of inbreeding depression in plants, Husband and Schemske (1996) found that primarily outcrossing populations had higher inbreeding depression values (␦) for seed production, germination, and survival, but had similar values to primarily self-fertilizing populations for growth and flower production. Inbreeding depression is also expected to vary as a function of inbreeding history with populations that habitually self-fertilize and have a lower level of inbreeding depression (Lande and Schemske, [Vol. 92 AMERICAN JOURNAL OF BOTANY 1985; Husband and Schemske, 1996) . Latta and Ritland (1994) , for example, found a negative relationship between prior inbreeding in populations of Mimulus sp. (Scrophulariaceae) and the magnitude of inbreeding depression for five fitness traits.
Likewise, inbreeding depression may have some phenotypic plasticity and vary between different environments (Dudash, 1990; Cheptou et al., 2002) . Drought stress in Crepis sancta (Asteraceae) increased inbreeding depression for growth and flower production, but did not affect survival (Cheptou et al., 2000) . In Cucurbita pepo subsp. texana (Cucurbitaceae), nitrogen stress increased inbreeding depression for flower, pollen, and fruit production (Hayes et al., 2005) , but inbreeding depression was also shown to vary within the same field site between years. Rankin et al. (2002) found that the expression of inbreeding depression in Schiedea menziessi (Caryophyllaceae) varies dramatically between life stages and habitats and suggest that a habitat shift may have influenced the evolution of other Schiedea sp. Therefore, any study that examines the role of inbreeding depression in the maintenance of mixed mating systems should also examine the impact of environment across life stages.
In this study, the potential for inbreeding depression as a barrier to selfing is examined in Ipomoea hederacea var. integriuscula Gray (Convolvulaceae), the entire-leaf morning glory. Plants of the genus Ipomoea have been developed as a model system for the study of mixed mating systems (Ennos, 1981; Ennos and Clegg, 1983; Schoen and Clegg, 1985; Elmore, 1986; Chang, 1997; Chang and Rausher, 1998, 1999; Mojonnier, 1998) , and I. hederacea specifically has been used to study the effects of inbreeding on plant and herbivore interactions (Hull-Sanders and Eubanks, 2005) . Ipomoea hederacea is a self-compatible annual vine that is believed to have a mixed mating system (Ennos, 1981; Elmore, 1986) due to its ability to produce viable seeds from autogamous fertilizations and hand outcrosses. This species is frequently found in cultivated gardens and disturbed areas and is a serious pest species in agricultural crops such as soybean (Thullen and Keeley, 1983; Klingaman and Oliver, 1996) , cotton (Klingaman and Oliver, 1994) , and peanuts (Bailey et al., 1999) throughout the southeastern United States. Germination occurs between mid-May and August, and flowering in east-central Alabama (AL) begins in early August. Individual flowers are only open for a few hours and wither by mid-morning, creating a small window of opportunity for pollinators. The fruits are dehiscent capsules containing 1-6 hard-coated seeds that mature 4-6 wks after pollination (Mojonnier, 1998 ).
An increased selfing rate in morning glories is associated with under-visitation by pollinators (Epperson and Clegg, 1987) . Primary pollinators documented are bees of the genus Bombus (Ennos, 1981) ; however, hawkmoths (Lepidoptera: Sphingidae) and sulfur butterflies (Lepidoptera: Pieridae) have been frequently observed on flowers in AL (H. Hull-Sanders, personal observation). The morphology of I. hederacea flowers ensures pollination by forcing the anthers to glide over the stigmas as the flower closes (Elmore, 1986) . In this way, I. hederacea flowers have the opportunity to be pollinated by insects when they first open, but, if pollinators do not visit the flower within a few hours, the flower will self-pollinate before senescence. Therefore, in morning glories, selfing may provide reproductive assurance.
In this study, the maintenance of a mixed mating system was examined in I. hederacea. The objectives of the present study used multiple populations to determine (1) the occurrence of inbreeding depression, (2) the timing of inbreeding depression relative to plant phenology, (3) if inbreeding differed between the greenhouse and the field, and (4) the relative levels of genetic variation using allozyme loci.
MATERIALS AND METHODS
Inbreeding depression-In August 2000, seeds were collected from plants in a cotton field at the Auburn University EV Smith Research Center, Macon County, Alabama and from plants in a cornfield in Morgan County, Alabama. Seeds were collected at random from Ͼ50 plants. The two populations were approximately 265 km apart and were chosen because of the large population size and association with crops not sprayed with insecticide. Seeds were sown in 20-cm-diameter pots with Pro-Mix potting medium (Premier Horticulture, Dorval, Quebec, Canada). Flowers were allowed to self-fertilize without manipulation to produce inbred seed. To produce half-sibling, outbred seeds, we emasculated buds in the afternoon before they opened using a pair of sharptipped forceps to slit open flowers from the side and remove all the anthers. The anthers do not dehisce before 2200 hours and can be removed without the possibility of pollination (S. Chang, University of Georgia, personal communication). Flowers were allowed to develop overnight, and pollen was removed from undisturbed flowers of other plants and placed on the stigma of the emasculated flower. Seeds developed within 6 weeks and were harvested by removing seed capsules.
In 2001, inbred and outbred seed from Macon Co. and Morgan Co. cornfield populations were sown in the greenhouse as described earlier. The number of days to germination and percentage of seeds germinated were recorded. The plants were allowed to grow for 45 d and then harvested by cutting the plant from the roots at soil level. Length of plant (cm) and number of reproductive structures (flowers ϩ buds) were recorded. The plants were then placed in foil packets, dried at 45ЊC for 7 d, and weighed to the nearest 0.01 g.
In 2002, inbred and outbred seeds from the Macon Co. population were germinated in 2 ϫ 2 ϫ 5 cm six pack cells with Pro-Mix potting medium. Ninety inbred and 90 outbred seedlings were transplanted to an experimental field plot on the Auburn University Agriculture Futures Park, Auburn, AL. Plants were placed 30 cm apart in blocks of 10 per row, and each row was placed 1 m apart. Bamboo garden stakes were inserted into the soil near the plants to support the climbing vines during growth. Plants were allowed to grow for 45 d and then harvested by cutting the plant away from the roots at soil level. Length of plant and number of reproductive structures were recorded. The plants were placed in paper bags, dried at 45ЊC for 5 d, and weighed to the nearest 0.01 g.
Allozyme analysis-To estimate the amount of inbreeding in multiple, isolated populations, seeds were collected from 11 sites in seven counties in AL in 2003 and four sites in three counties in 2004. Seeds were germinated in the greenhouse at the University of Virginia Blandy Experimental Farm, Boyce, Virginia. Whole seedling tissue was used for analysis. Seedlings were ground in needle extraction buffer (Mitton, 1979 ) with a mortar and pestle, centrifuged for 2 min at room temperature, and stored at Ϫ80ЊC for no more than 48 h before electrophoresis.
Cellulose acetate gels were used in conjunction with a Tris-glycine buffer system as outlined in Herbert and Beaton (1989) , which enabled the resolution of five enzymes: isocitrate dehydrogenase (IDH, EC 1.1.1.42), glucosephosphate isomerase (GPI; EC 5.3.1.9), malate dehydrogenase (ME, EC 1.1.1.40), phosphoglucomutase (PGM, EC 2.7.5.1), and 6-phosphogluconate dehydrogenase (6-PGDH, EC 1.1.1.44). Supernatant from 272 individuals was loaded onto gels.
Data analysis-Population data were analyzed using SAS version 8.2 (SAS Institute, 2001 ). Percentage of seed germination differences was analyzed by chi-square. Number of days to germination and number of reproductive structures were log transformed prior to analysis to conform to the assumptions of analysis of variance (ANOVA). ANOVA was used to examine the effects of population, mating system, and the population by mating system interaction on the number of days needed for seed to germinate, the number of reproductive structures produced, and aboveground biomass (AGB) in the greenhouse. Because only one population was germinated and transplanted into the field, ANOVA was used to examine the effects of block, mating system, and the block by mating system interaction on the number of reproductive structures produced and AGB in the field.
Inbreeding depression of self-fertilized progeny relative to outcrossed progeny was calculated with the equation
where W o is the mean of the measured fitness component of outcrossed progeny and W s is the mean of the measured fitness component of self-fertilized progeny (see Keller and Waller, 2002 , for a review). Our fitness components were height of plant, number of leaves, number of reproductive structures (flowers and buds), and aboveground biomass (AGB). The allele fixation index (F IS ) per population was calculated using FSTAT software for Windows, version 2.9.3.2 (Goudet, 1995) . Allele frequencies were calculated for five allozyme loci and 15 I. hederacea populations. From the allele frequencies, Nei's estimate of gene diversity (H; Nei, 1973) was calculated as a measure of genetic variation among populations. Population selfing rate (SR) was calculated as SR ϭ 2 F /(1 ϩ F ) ϫ 100, IS IS according to the methods outlined in Hartl and Clark (1997) . Wright's F statistics (Wright, 1978) , F IT , F ST , and F IS per locus were calculated according to the methods outlined in Weir and Cockerham (1984) using FSTAT. These statistics represent reductions in heterozygosity expected under random mating in individuals relative to the total across all subpopulations (F IT ), the amount of variation distributed among subpopulations (F ST ), and the reduction in heterozygosity within a subpopulation relative to random-mating expectations (F IS ). Confidence intervals (95%) for F-statistics were estimated by bootstrapping over loci.
RESULTS
Significantly more outcrossed seed germinated than did those from self-pollinations ( 2 ϭ 30.69, P Ͻ 0.0001; Fig. 1 ). Of the Macon Co. seed, 43.31% of the outcrossed seed germinated, whereas only 29.87% of the self-fertilized seed germinated. Of the Morgan Co. seed, 60% of outcrossed and 25% of the self-fertilized seed germinated. In addition, outcrossed seed took significantly less time to germinate than self-fertilized seeds in both Macon and Morgan Co. populations (AN-OVA: F 3,311 ϭ 69.23, P Ͻ 0.0001; Fig. 1 ). Macon Co. outcrossed seed had a mean germination of 4.1 d, whereas selffertilized seeds had a mean germination of 6.6 d. Morgan county outcrossed seed had a similar mean germination of 4.7 d, whereas self-fertilized seed had a mean germination of 11.3 d.
There was a significant difference between populations, between pollination treatments, and population ϫ pollination treatment interactions for AGB and reproduction when plants were grown in the greenhouse (Table 1) . Overall, outcrossed plants had significantly greater AGB than self-fertilized plants when grown in the greenhouse (ANOVA F 3,102 ϭ 18.01, P Ͻ 0.0001); however, this was mostly due to the difference in the Morgan Co. population. Morgan Co. outcrossed plants had a 73.4% greater AGB than self fertilized plants (Fig. 2) , whereas Macon Co. outcrossed plants had only an 18.3% greater AGB than self fertilized plants (Fig. 2) . Overall, outcrossed plants also had significantly more reproductive structures (flowers and buds) after 45 d than self-fertilized plants (ANOVA F 3,177 ϭ 9.65, P Ͻ 0.0001). However, Morgan Co. outcrossed plants had 65.6% more reproductive structures than self fertilized plants (Fig. 2) , whereas Macon Co. outcrossed plants has 6.5% fewer reproductive structures than self fertilized plants (Fig.  2) .
In the field, there was a significant block effect, but no effect of pollination treatment (Table 1) . Outcrossed plants and selffertilized plants had similar AGB (ANOVA: F 1,176 ϭ 0.74, P ϭ 0.39) (Fig. 3) . Likewise, outcrossed plants and self-fertilized plants had a similar amount of reproductive structures in the field after 45 d (ANOVA: F 1,170 ϭ 0.02, P ϭ 0.88) (Fig.  3) .
Estimates of inbreeding depression in the greenhouse were greater for Morgan Co. than for Macon Co. (Table 2 ). Plants from both counties exhibited significant inbreeding depression at germination ( 2 ϭ 13.03, P ϭ 0.0003; 2 ϭ 24.72, P Ͻ 0.0001 for Macon and Morgan Co., respectively); however, only plants from Morgan Co. had significant inbreeding depression for growth and fitness estimates (ANOVA: F 1,17 ϭ 32.67, P Ͻ 0.0001; F 1,17 ϭ 24.44, P Ͻ 0.0001 for AGB and reproductive structure, respectively).
Interestingly, the expected heterozygosity across all populations and loci was calculated to be Ht ϭ 0.39; however, electrophoretic data revealed that all populations of Alabama entire-leaf morning glory had a low level of heterozygosity (Nei' (Table 4) .
DISCUSSION
Ipomoea hederacea appears to have a mixed mating system. Populations of I. hederacea had selfing rates that ranged from Note: M ϭ Macon Co., CS ϭ Cullman Co. soybean field, CP ϭ Cullman Co. peanut field, CW ϭ Cullman Co. weed plot, B ϭ Baldwin Co., DA ϭ DeKalb Co. asparagus field, DC ϭ DeKalb Co. corn field, DF ϭ DeKalb Co. fenced plot, E ϭ Elmore Co., H ϭ Henry Co., L ϭ Lee Co., MgC ϭ Morgan Co. corn field, MgH ϭ Morgan Co. USDA field garden.
N ϭ number of individuals, F IS ϭ inbreeding coefficient due to nonrandom mating, SR ϭ selfing rate calculated [2 F IS /(1 ϩ F IS ) ϫ 100]. Note: isocitrate dehydrogenase (IDH, EC 1.1.1.42), glucosephosphate isomerase (GPI, EC 5.3.1.9), malate dehydrogenase (ME, EC 1.1.1.40), phosphoglucomutase (PGM, EC 2.7.5.1), and 6-phosphogluconate dehydrogenase (6-PGDH, EC 1.1.1.44).
19-92%, seeds were readily produced by self-and cross-pollinations, and outcrossed seed germinated at a significantly higher rate than selfed seed. Five populations in 2003 were found to have high levels of selfing (66.66-92.53%) and very high inbreeding coefficients (0.50-0.861). Of the two populations surveyed again in 2004, selfing and inbreeding coefficients increased, suggesting that selfing rates are highly variable in I. hederacea from year to year (Rankin et al., 2002) .
Other species of Ipomoea also have varying selfing rates (Rausher et al., 1993; Chang and Rausher, 1998) . However, in I. purpurea, flower morphology, anther-stigma distance, and frequency distribution of morphs have been shown to influence selfing rates (Ennos, 1981; Schoen and Clegg, 1985; Epperson and Clegg, 1987; Rausher et al., 1993; Chang and Rausher 1998, 1999) . Although I. hederacea has two leaf morphologies, only a single flower morph occurs (Elmore, 1986) , and the anthers occur in a whirled pattern around the stigma rather than at fixed distances (Ennos, 1981) ; therefore, the selfing rates are not expected to be influenced by these factors.
Many models of mating system evolution predict that inbreeding depression should decrease from generation to generation as the selfing rate in a population increases Uyenoyama and Waller, 1991) . Selection through survival and fecundity differences should begin to eliminate low fitness genotypes, resulting in the purging of deleterious alleles in the population and thus lower levels of inbreeding depression. Results from Macon Co. follow this pattern. Selfing rate was estimated to be Ͼ80%, while inbreeding depression remained under 50%. Therefore, inbreeding depression probably does not pose a significant barrier to the maintenance of selfing in that population. However, the Morgan Co. corn-associated population's selfing rate was estimated to be ϳ75%, but inbreeding depression was Ͼ50%. This combination of high selfing rates, high inbreeding depression, and early-stage specific inbreeding depression may suggest mating system instability (Rankin et al., 2002) . Neighboring populations in Morgan Co. continued to have a relatively low selfing rate (ϳ45%), suggesting that perhaps there may have been less pollinator service in 2004 than was typical; therefore, we would predict that should pollinator service remain low in the corn-associated Morgan Co. population, then inbreeding depression should decrease with successive selfed generations and significantly affect mating system alleles, perhaps causing a shift from a mixed mating system to a predominantly autogamous mating system (Crow, 1999) .
Previous studies have suggested that populations of I. hederacea will be highly self-pollinating when they occur in conjunction with populations of I. purpurea due to pollen competition (Ennos, 1981; Elmore, 1986) . Pollen from I. purpurea can grow down the style of I. hederacea, but it is incompatible [Vol. 92 AMERICAN JOURNAL OF BOTANY with the ovule and hollow seeds are produced (Guries, 1978) . Selfing in these populations would confer not only reproductive assurance, but also prevent heterospecific pollen from growing down the style. This mechanism, however, is unlikely to explain the results of this study. In AL, I. hederacea primarily occurs either in pure stands or in conjunction with I. cordatotriloba, rarely with I. purpurea, and none of the 11 populations in this study were sympatric with I. purpurea.
In other species of Ipomoea, inbreeding depression alone could not account for the maintenance of the mixed mating system (Chang and Rausher, 1999 ). High selfing rates should dramatically reduce gene flow among populations and populations should have increased genetic differentiation (Carr and Fenster, 1994; Latta and Ritland, 1994; Carr et al., 1997; Wallace, 2002) . Given the high levels of inbreeding within a population, but relatively little population differentiation, gene flow may be maintained through seed distribution. One locus examined in this study (6PGDH) appeared to have reached fixation in 2003, but showed some variation in 2004. There is also some genetic variation among populations (F ST ϭ 0.244). The amount of gene flow is yet unknown, and seed dispersal may be facilitated by human transport of crops with which these plants are associated.
Stage specific inbreeding depression frequently occurs in plants with mixed mating systems (Dudash, 1990; Johnston, 1992; Husband and Schemske, 1996) . Within the Macon Co. population, significant inbreeding depression only occurred at germination (31%). Within the Morgan Co. population, greater than 50% inbreeding depression occurred at all three life-cycle stages (germination, growth, and reproduction). While inbreeding depression occurs more often during growth and seed set in angiosperms, inbreeding depression is not uncommon at germination (Husband and Schemske, 1996) . The timing of inbreeding depression in the life cycle may have substantial fitness consequences. Early stage inbreeding depression reduces the fitness of the progeny to 0, whereas with late stage inbreeding depression, the proportionate reproductive contribution to the next generation is Ͼ0 (Charlesworth, 1980; Husband and Schemske, 1996) . Husband and Schemske (1996) found that predominantly selfing plant species not only have less cumulative inbreeding depression than outcrossing plant species, but that inbreeding depression can be expressed at different times in the life cycle than in outcrossers. Variation in the timing of inbreeding depression between Macon and Morgan Co. populations suggests that the Macon Co. population of I. hederacea had a relatively high rate of selfing that may have purged deleterious alleles leading to a low inbreeding depression rate, whereas Morgan Co. plants may have a highly variable mixed-mating system that would allow recessive alleles to be maintained within the population. These results are consistent with other studies that have found inbreeding depression significantly varied between populations (Carr and Dudash, 1995; Cheptou et al., 2002; Wallace, 2003) ; however, they are counter to the expectations of Husband and Schemske (1996) , that predicts inbreeding depression should occur at later life stages rather than at germination.
It is generally thought that inbreeding depression will be higher in field experiments than in greenhouse experiments because environmental conditions are expected to exacerbate the negative effects of inbreeding (Dudash, 1990) . Some studies, however, have observed little variation in inbreeding depression between greenhouse and field-grown plants (Chang, 1997; Willis, 1993) , and a small number of studies suggest that inbreeding depression can be higher in plants grown in the greenhouse than plants in the field (contrast Eubanks, 2002 with Ivey et al., 2004) . In this study, inbreeding depression occurred in plants grown in the greenhouse. It is generally thought that the greenhouse provides the optimal growing conditions; however, within a greenhouse setting, season, diurnal temperature, and seed source have been found to influence germination, growth, and seed production in I. hederacea (Thullen and Keeley, 1983; Klingaman and Oliver, 1996) . Therefore, the greenhouse may not provide optimal growing conditions. Ipomoea hederacea has been found to do best in cleared, disturbed fields in the absence of other plant competitors (Whigham, 1984) , so the newly tilled field plot used for these experiments should have provided good conditions for growth. However, there was no detectable inbreeding depression for Macon Co. plants in either the greenhouse or in the field.
In conclusion, I. hederacea populations in Alabama had varying selfing rates. But even within a population that had high selfing rates, significant inbreeding depression occurred and was stage specific. Inbreeding depression in Macon Co. was observed at germination, but did not reach the threshold level of 50% and therefore was not expected to be high enough to present a barrier to the transmission of selfing alleles. However, while selfing rates were high, none of the allozymes were found to have reached fixation; the mixed mating system in I. hederacea may be maintained by some mechanism other than inbreeding depression.
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